potential in order to release a vesicle? This question will be discussed under the heading "Microdomains of Elevated [Ca 2ϩ ]." The discussion will center around the spatial relation between Ca 2ϩ channels and release sites, and I will make the point that our understanding
Amperometry
1998). DM-Nitrophen, which has a very high affinity for Ca 2ϩ before photolysis, is very favorable for studying Oxidizable substances, like catecholamine and serotonin, can be detected electrochemically by carbon micellular Ca 2ϩ buffering and cellular Ca 2ϩ homeostasis, because it contributes very little to Ca 2ϩ -buffering cacrofibers (Gonon et al., 1993) . Wightman and collaborators developed the technique to the point that release pacity at resting [Ca 2ϩ ] levels (since it is predominantly saturated with Ca 2ϩ ). Therefore, it acts like an ideal lightfrom single cells and single secretory granules can be resolved (Lesczcyszyn et al., 1991) . The release from dependent Ca 2ϩ source for titrating endogenous Ca 2ϩ buffers and measuring their kinetics (Xu et al., 1997) . A single granules can be observed as typical spike-like waveforms of amperometric current. Very often, such a drawback of DM-Nitrophen is that it also binds Mg 2ϩ . Thus, simple conditions prevail only in the absence of spike is preceded by a small pedestal, the so-called "foot," which is supposed to represent slow release Mg 2ϩ (implying the absence of MgATP). However, with an excess of free ATP, conditions can be obtained where from a narrow fusion pore in the first milliseconds of its formation (Chow et al., 1992) . Studying release of MgATP is relatively abundant while free [Mg 2ϩ ] is low enough not to interfere with DM-Nitrophen (Gillis et al., serotonin from the very large granules of mast cells, Alvarez de Toledo et al. (1993) were able to measure 1996; Xu et al., 1997) . Nitrophenyl EGTA does not show this complication since its Mg 2ϩ affinity is low. However, simultaneously the amount of serotonin released and the conductance of the fusion pore. They demonstrated its pre-photolysis affinity for Ca 2ϩ is lower and it is more difficult to photolyze (Ellis-Davies et al., 1996) . proportionality between release and conductance and showed that the fusion pore displays random openStyryl Dyes Betz and Bewick (1992) showed that a class of styryl close flickers (during the "foot") and then dilates rapidly. There seems to be a systematic relationship between dyes, including FM1-43 and FM1-20 are useful probes for studying vesicle recycling. When present in the aquethe size of granules, the duration of the foot, and the proportion of granule contents released during the foot ous medium, these fluorescent dyes partition very favourably into the outer leaflet of the plasma membrane, Alverez de Toledo et al., 1993; Fesce et al., 1994) . A certain proportion of events seem to consist and thereby increase their fluorescence dramatically. When exocytosis occurs, additional dye is absorbed of a foot only, which may represent irreversible closure of the fusion pore before full-fledged exocytosis occurs.
due to vesicular membrane appearing at the surface. When surface membrane is retrieved by endocytosis, Unfortunately, similar measurements cannot be performed on small synaptic vesicles. However, if the redye is taken up together with the membrane, resulting in a pool of stained endocytotic vesicles. When dye is lationship between foot parameters and granule size, observed for large granules, extends to such small vesisubsequently removed from the extracellular medium, the trapped dye is the major contributor to fluorescence. cles, it may well be that some vesicles release most of their contents within less than a millisecond without ever Betz and collaborators followed the fate of endocytotic vesicles during cycles of exocytosis and endocytosis at undergoing full exocytosis. Nevertheless, recent data on staining of vesicles by styryl dyes (see below) indicate the neuromuscular junction and showed that vesicles are ready within about one minute for a new round of that a majority of vesicles are connected to the outside long enough (probably several seconds) such that their exocytosis (Betz and Bewick, 1992, 1993) . More recently the method has been applied extensively to study vesiinside is stained.
A particularly revealing example regarding properties cle recycling at single synaptic boutons and it has been improved to the point that single endocytotic and exocyof individual granules is the release of serotonin from Retzius cells of the leech, where two distinct populatotic events can be resolved (see section below on vesicle pools). tions of secretory granules (small and large) result in well-discernable classes of amperometric events (Bruns Multiphoton Fluorescence Excitation Multiphoton florescence excitation is another new deand Jahn, 1995) . Recently, amperometry was combined with high resolution capacitance measurement inside a velopment in optical techniques with great promise for synaptic physiology. It was first used in a laser scan patch pipette (Albillos et al., 1997) , which revealed a close correlation between step-like increases in capacimicroscope by Denk et al. (1990) . In this technique, fluorescence of an indicator dye is induced not by exciting tance and the appearance of amperometric spikes.
Flash Photolysis of Caged Ca

2؉
at a wavelength somewhat shorter than that of the dye emission, as is usually done, but by very intense and The caged compounds DM-Nitrophen and Nitrophenyl EGTA (Ellis-Davies et al., 1996) proved very useful in short pulses of light at about twice the usual wavelength. The dye is excited by simultaneous absorption of two inducing fast increases in free cytoplasmic [Ca 2ϩ ] both in neuroendocrine cells (Thomas et al., 1993; or more long-wavelength photons, and fluorescence excitation is proportional to the second or higher power et al., 1994) and in specialized nerve terminals (Heidelberger et al., 1994) . Likewise caged Ca 2ϩ chelators, such of light intensity. Two basic physical principles carry important advantages if multiphoton excitation is used as diazo-2 (Adams et al., 1989) , were used to lower [Ca 2ϩ ] (Kamiya and Zucker, 1994) . Caged compounds, in a laser scan microscope (reviewed by Denk and Svoboda, 1997) .
(1) Since the excitation light is of very long together with a Ca 2ϩ indicator dye, are loaded into the cell by diffusion from a patch pipette in the whole-cell wavelength, it can penetrate deep into tissue, according to the laws of light scattering. This aspect is particularly recording configuration or are microinjected. Application of UV flashes leads to rapid increases or decreases important for work on brain slices and in vivo. (2) The square law of excitation, mentioned above, has the conin [Ca 2ϩ ], which seem to be spatially uniform on the level of resolution of the light microscope (Naraghi et al., sequence that excitation occurs only in the focal plane.
Thus, out of focus light is eliminated without the need (del Castillo and Katz, 1954) . The first indications that only a fraction of the neurotransmitter is available for of a confocal pinhole. Also, since excitation is restricted immediate release came from studies of synaptic deto the plane of focus, photodamage will be minimized. pression at the neuromuscular junction. Liley and North This aspect is particularly important when scanning (1953) analyzed the time course of postsynaptic rethrough thick specimens.
sponses during trains of stimuli by means of a kinetic These two advantages, which were pointed out in the model, in which they distinguished a transmitter mobilizoriginal publication of Denk et al. in 1990 , have been ing step from a release step. They concluded that at fully appreciated only recently, particularly for Ca 2ϩ imhigher stimulus frequencies, mobilization of transmitter aging in brain slices (Yuste and Denk, 1995) , in intact between pulses was increased and that fractional recortex , and for studying embrylease from the available pool was constant during the onic development (Potter et al., 1996) .
train. Elmquist and Quastel (1965) combined this model Evanescent Wave Microscopy with quantal analysis and showed that depression, or In evanescent wave microscopy or total internal reflecthe depletion of the store of transmitter, was associated tion microscopy, illumination of a specimen is restricted with a decline in the quantum content but not in quantum to a layer above the substrate, only a few hundred nanosize. They estimated an immediately releasable presynmeters thick (Omann et al., 1996) . It was recently shown aptic store of some 300 to 1,000 quanta per endplate that secretory granules from adrenal chromaffin cells, (from human intercostal muscle), which draws from a if stained with acridine orange or larger store of 23,000 quanta. Similarly, Birks and MacInacidotropic dyes (Oheim et al., 1998) , can be individually tosh (1961) distinguished a "readily releasable pool" of resolved and that their movement in the vicinity of the neurotransmitter from a larger storage pool in sympamembrane, their docking, as well as release of dye folthetic ganglion cells. Since then, many studies have lowing exocytosis can be studied. Also, green fluoresbeen quite successful in associating short term plastic cent protein (GFP) fused to secreted peptides can be changes, such as paired pulse facilitation, frequency used this way as a fluorescent marker for dense core facilitation, or depression with either a change in the secretory granules (Lang et al., 1997) . This latter finding size of the readily releasable pool or with a change in is one of several recent examples in which GFP coupled the probability of release of a given vesicle in that pool to peptides or proteins involved in cellular signaling (reviewed by . Work on Aplysia neurons turned out to be specific molecular markers with all (reviewed by Gingrich and Byrne, 1985) led to the sugthe potential of targeting and modification offered by gestion that stimulus-dependent mobilization of transmolecular biology (reviewed by Heim and Tsien, 1996) . mitter was regulated by intracellular [Ca 2ϩ ], which is New [Ca 2ϩ ] sensors based on resonant energy transfer elevated during stimulation. This idea received a molecbetween two GFP molecules coupled by a Ca 2ϩ -sensiular interpretation in the work of Llinas et al. (1991) who tive linker derived from calmodulin (Miyawaki et al., studied the role of synapsin in transmission at the squid 1997) carry particularly great promise for molecularly giant synapse. They proposed that vesicles are tethered localized [Ca 2ϩ ] measurements.
to the cytoskeleton by synapsin and then are released New Preparations through the Ca 2ϩ -dependent action of Ca 2ϩ /calmodulinFor several decades, the squid giant synapse has been dependent protein kinase. the only preparation in which the presynaptic terminal More recently, attention focused on release from sincould be voltage clamped and injected with dyes and gle synaptic boutons in hippocampal cultures and brain other compounds to monitor and manipulate [Ca 2ϩ ] and slices, where techniques have been developed to record exocytosis (reviewed by Augustine et al., 1996) . More signals from individual boutons (Bekkers and Stevens, recently, a number of preparations from lower verte-1990; Raastad et al., 1992; Liu and Tsien, 1995; Stevens brates (Stanley, 1993; Yawo and Chuhma, 1993; Mochand Tsujimoto, 1995; Dobrunz and Stevens, 1997; Forti ida et al., 1996) , from neuroendocrine terminals (Lim et et al., 1997) and to observe optically quantal endocytosis al., 1990; , and from sensory and exocytosis, using the styryl dye FM1-43 (Ryan et cells (Heidelberger et al., 1994; Parsons et al., 1994; Murthy and Stevens, 1998) . Morphometric Rieke and Schwartz, 1996; Lagnado et al., 1996) were analysis showed that such boutons contain 195 vesicles, found to allow detailed studies of release. Of particular on average, 10 of which are morphologically docked interest is the identification of a mammalian central ner-(Schikorski and . The majority of these vous system synapse in which the presynaptic terminal vesicles can be released by a series of high K ϩ stimuli can be voltage clamped (Forsythe, 1994) . Borst et al. (Liu and Tsien, 1995) . Also, a train of 400 action poten-(1995) showed that it is possible in this preparation to tials stains these boutons with FM1-43 to a degree that perform simultaneous pre-and postsynaptic recordcorresponds to about 130 endocytotic quanta (Ryan et ings. Intense efforts are currently underway to characal., 1997) . It seems, then, that a strong stimulus turns terize the electrical properties of both pre-and postsynover a large part of the vesicle pool. Furthermore, the aptic compartments, and to relate them to features of amount of dye taken up by quantal endocytosis equals transmission (Borst and Sakmann, 1996, 1998; Taka- the amout of dye lost per release event (Murthy and hashi et al., 1996; Helmchen et al., 1997; von Gersdorff Stevens, 1997) . Thus, there must be a strict coupling of et al., Chuhma and Ohmori, 1998) .
exocytosis and endocytosis for a large proportion of the recycling vesicles as has been proposed previously Dynamics of Vesicle Pools when the "kiss and run" hypothesis was first formulated The concept of functionally distinct vesicle pools emerged (Meldolesi and Ceccarelli, 1981; Fesce et al., 1994 ; Cremona and DeCamilli, 1997). soon after formulation of the quantal release hypothesis The time that is required for a full turnover (until endo- Moser and Neher, 1997; Sakaba et al., 1997) . In all these cases, including the neuromuscular junction (Betz, cytosed vesicles become again ready for release) is 90 s (Ryan et al., 1993) . Examination of the time course of 1970), pool recovery happens in the range of 4-12 s. Thus, there is consistency between results from different release from single boutons reveals that a pool of 5-20 vesicles can be released much faster than the majority approaches and between quite a number of cell types. Nevertheles, it must be appreciated-and has been (Stevens and Tsujimoto, 1995; Dobrunz and Stevens, 1997) . Once depleted, the pool refills within a time constressed in both very early (Elmquist and Quastel, 1965) and very recent publications (Stevens and Tsujimoto, stant of 5-12 s, much shorter than the full turnover cycle. The size of this "readily releasable pool" agrees approxi-1995) on the subject-that these conclusions are reached by indirect means and that alternative models mately with that of the morphologically docked one. Also, a pool defined in this way by electrical stimulation are conceivable. For example, interpreted their experiments on squid giant synapse, where agrees in all its properties with a pool that can be released by a short osmotic stimulus (Rosenmund and they observed a decrease of transmitter release during prolonged stimulation (using release of Ca 2ϩ by caged Stevens, 1996) . Making use of this correspondence, Goda and Stevens (1998) Hanson et al., 1997) . It would be highly desirable to associate unambiguously [Ca 2ϩ ] rapidly by means of caged Ca 2ϩ allows one to deliver stimuli strong enough to release any readily recertain kinetic components of transmitter release with some of the well-characterized molecular complexes in leasable pool in a fraction of a second. Release can be monitored either by capacitance measurement or by order to derive a molecular picture of exocytosis and its control. However, at present, at most two states (coramperometry. Experiments on pituitary cells (Thomas et al., 1993) , chromaffin cells (Neher and Zucker, 1993;  responding to the pools mentioned above) can be distinguished, and this distinction is based more on consen- Heinemann et al., 1994) , and pancreatic beta cells (Eliasson et al., 1997) showed an initial exocytotic burst (represus derived from a large number of indirect observations than on a direct measurement. The challenge is to further senting the readily releasable pool) followed by much slower phases of secretion interpreted as the combined strengthen the confidence in this interpretation and to assign molecules and molecular changes to the individsequence of mobilization and release of secretory granules (but see Ninomija et al., 1997, and Takahashi et al., ual steps. 1997 Sheng et al., 1996) . When such a channel opens, (Gillis et al., 1996; see also Bittner and Holz, 1993 al., 1995b; Plattner et al., 1997) have shown that more esting debate has ensued, regarding whether a given granules are in the immediate vicinity of the membrane vesicle is predominantly triggered by Ca 2ϩ from the local than are needed to account for a well-primed readily channel (Yoshikami et al., 1989; Stanley, 1993) or rather releasable pool, contrary to synaptic boutons (see above), from a somewhat more widespread microdomain rewhere the two numbers agree.
sulting from the superposition of the Ca 2ϩ contributions Vesicle pools defined in a similar way were found in of several nearby channels (Dunlap et al., 1995; Borst a number of different preparations (Borges et al., 1995, Mennerick and Matthews, 1996; and Sakmann, 1996, 1998; Cooper et al., 1996) . ] uniformly and to measure rates of release as a function of cytosolic [Ca 2ϩ ] (see above). In this way, a more; it does so in less than 100 s after a channel has opened, and it is not very strongly influenced by the "calibration curve" can be established for a given cell type, and subsequently the rate of release as measured presence of buffers-neither by endogenous ones nor by those supplemented by the experimenter. The latter during activation of Ca 2ϩ channels can be translated into an "effective Ca 2ϩ concentration." Such an apfeature results from the fact that binding of Ca 2ϩ to buffers is simply not fast enough for Ca 2ϩ to be interproach was taken by Chow et al. (1994) using adrenal chromaffin cells. They concluded that for such neuroencepted by buffers at such short distances. With distances in the range of 100-200 nm things are very differdocrine cells, which release catecholamines from large dense core vesicles, "effective Ca 2ϩ concentration" durent: peak values are only in the micromolar or tens of micromolar range, signals rise and fall slowly, and Ca 2ϩ ing short depolarizations was only in the range 2-5 M.
In contrast, similar studies on nerve terminals of bipolar buffers are quite potent in suppressing the signal. At intermediate distances, molecules with fast Ca 2ϩ bindcells from goldfish retina (Heidelberger et al., 1994; Heidelberger, 1998) concluded that hardly any exoing kinetics, like BAPTA, are more efficient in reducing [Ca 2ϩ ] than those with slow kinetics, like EGTA. This is cytosis could be elicited by [Ca 2ϩ ] smaller than 10 M and that rates of release, as observed during depolarizawhy the addition of such buffers to the intracellular milieu is often used to make inferences about the spatial tion, require [Ca 2ϩ ] larger than 100 M (Mennerick and Matthews, 1996) . Such concentrations are unlikely to relationship between Ca 2ϩ channels and the targets of a Ca 2ϩ signal. These aspects are important not only for be reached in the bulk of the cytosol, and they indicate that vesicles undergoing exocytosis are located within understanding transmitter release, but also in the field of excitation-contraction coupling (Rios and Stern, 1997) . Ca 2ϩ microdomains. Additional evidence for tight coupling between Ca 2ϩ channels and release sites is proResults from numerical simulations (Cooper et al., 1996) and the "bioassays" mentioned above confirm the vided by studies that use molecular reagents to disrupt specific interactions between channels and synaptic general view that in nerve terminals the close proximity of Ca 2ϩ channels and release sites is of prime functional proteins (Mochida et al., 1996; Wiser et al., 1996; Rettig et al., 1997) . Bioassays employing Ca 2ϩ -activated K ϩ significance (Kasai, 1993) . The comparison of results from neuroendocrine cells and nerve terminals points channels as Ca 2ϩ sensors were used by and by Prakriya et al. (1996) to demonstrate the out a way that cells might differentially release from either small synaptic vesicles or dense core granules existence of microdomains in vestibular hair cells and adrenal chromaffin cells, respectively.
depending on the action potential firing pattern (Verhage et al., 1994) . Synaptic vesicles, being tightly coupled to Further insight into details of Ca 2ϩ domains must come from a consideration of the physical basis of Ca 2ϩ Ca 2ϩ channels, would respond to action potentials, both to single ones and to bursts, whereas dense core grandiffusion and Ca 2ϩ buffering, the processes that shape the Ca 2ϩ signal. The problem of single channel microdoules, located further away from channels, would require long bursts of action potentials, such that [Ca 2ϩ ] outside mains and their implications was first considered about the microdomains can build up slowly to reach secretion threshold. Such predictions were confirmed by detailed simulations of the buffered diffusion problem for release sites at various distances from the nearest channel (Klingauf and .
Thus, in principle we have a quite good understanding of the complex Ca 2ϩ signal around open channels. The problem is that the calculations critically depend on a large number of parameters. To rely on any numerical value from such calculations, we need precise knowledge not only of the distance between channels and release sites, but also of local diffusion coefficients of both Ca 2ϩ and its ligands, as well as their concentrations and kinetic and equilibrium constants. Given the fact that buffers exert a strong action (eventually only 0.1%-2% of Ca 2ϩ entering a cell will remain free) and that secretion depends on a high power of [Ca 2ϩ ], the impact of our ignorance of many of these parameters cannot be overstated. We are just beginning to learn about buffers in neurons (Helmchen et al., 1997; re- It is assumed that a perturbation, such as influx through a channel, distribution , and have only a few occurs at distance x from the point of interest. At distances x ϾϾ numbers on their affinities and kinetic constants (Roband for times t ϾϾ (after the last perturbation in the system) erts et al., 1994; Xu et al., 1997 (Wagner and Keizer, 1994) .
and on the number of active channels (which may be reduced by Ca 2ϩ channel blockers). Unfortunately, such calculations are quite computationally intensive, such from those of the rapid buffer approximation, in which that only a limited number of systematic investigations only equilibrium properties of buffers and diffusion coefhave appeared so far (Roberts, 1994; Wu et al., 1996;  ficients play a role. The distinction between a nanomeSinha et al. , 1997) . In certain limiting cases, however, it ter-sized nonequilibrium domain and a more remote is possible to derive analytical approximations to the full equilibrium zone (which may still be of submicrometer solution, and these allow much more detailed analysis extent) allows for mechanisms of regulation, which have of the influence of experimental parameters. One such hitherto not received sufficient attention. They will theresolution is the rapid buffer approximation (Smith, 1996) , fore be discussed in more detail. in which [Ca 2ϩ ] is assumed to be at local equilibrium Local Nonequilibrium Domains with Ca 2ϩ buffers (the term Ca 2ϩ buffering is used here An extreme case of local nonequilibrium domains was exclusively for the rapid and reversible binding of Ca 2ϩ considered by Neher (1986) to describe the effects of to ligands, such as Ca 2ϩ chelators or Ca 2ϩ binding pro-EGTA and BAPTA on the coupling between Ca 2ϩ chanteins). Ca 2ϩ transport in the cytosol can then be denels and Ca 2ϩ -activated K ϩ channels in whole-cell rescribed by a modified diffusion equation (Figure 2 ) with cording conditions (Marty and Neher, 1985) . In these an apparent diffusion coefficient that depends on the experiments, millimolar quantities of Ca 2ϩ buffers were Ca 2ϩ binding ratios and on the mobilities of Ca 2ϩ buffers added such that diffusional replacement of Ca 2ϩ -bound (Wagner and Keizer, 1994; Gabso et al., 1997) . In this buffer by free buffer was so fast that the concentration limit, the dependence of Ca 2ϩ signals on buffer properof free buffer in the vicinity of an open channel was ties can conveniently be studied, without major compuexpected to change very little or not at all. In this case, tational efforts.
the system of nonlinear differential equations describing However, the rapid buffer approximation will not hold buffered diffusion simplifies to a single equation (2) are assumed to be additive, no drastic effect of residual with k B the rate constant of Ca 2ϩ binding to the buffer. Ca 2ϩ is expected. The second problem, as pointed out , which is a measure for the mean distance that a Ca 2ϩ by Parnas and Parnas (1994) , is that [Ca 2ϩ ] at the release ion diffuses before it is intercepted by a buffer molecule, site has to decay very rapidly following an action potendefines the spatial extent of the nonequilibrium zone.
tial, because transmitter release drops precipitously. On Equation 1 also shows that for r ϽϽ the exponential the other hand, [Ca 2ϩ ] is supposed to be still elevated term is 1, and the solution of the equation is identical 20-100 ms following the action potential when paired to that in the absence of buffer. This illustrates in a pulse facilitation is maximal. Yamada and Zucker (1992) simple way that buffers very close to a channel are performed a number of simulations in order to explore ineffective and that the width of this extremely local whether the presence of various kinds of buffers and zone is determined by the speed of the Ca 2ϩ buffer the resulting time courses of free and buffer-bound Ca 2ϩ reaction. More precisely, the range of action of nonequiwould allow resolution of these conflicts. They conlibrium [Ca 2ϩ ] is determined by the product of the Ca 2ϩ -cluded that they would not and suggested that shortbinding rate constant of the buffer and its free concenterm plasticity is due to Ca 2ϩ acting on sites distinct tration. Since BAPTA, under physiological conditions, from those triggering phasic secretion. They postulated has a binding rate constant 150 times higher than that a high affinity binding site as part of a Ca 2ϩ sensor in of EGTA its prominent buffering effect addition to the low affinity sites that mediate the fast is readily explained.
phasic response. Likewise, Bertram et al. (1996 ) proStern (1992 and Pape et al. (1995) provided approxiposed a model in which release is controlled by four mations that are not as restrictive as those assumed binding sites with graded affinities and kinetics, to allow by Neher (1986) , allowing small degrees of saturation.
both fast phasic release and slow facilitation. Naraghi and Neher (1997) extended these to the case
The concept of nonequilibrium Ca 2ϩ domains, as preof multiple buffers. This is particularly interesting when sented here, points towards a new option for solving the effects of added buffers in the presence of endogethis dilemma. It may provide a solution without the renous ones are to be considered. Also, the theory demonquirement of a Ca 2ϩ sensor with special properties for strates that Ca 2ϩ , entering through a channel, is first mediating facilitation. The Ca 2ϩ target with high affinity taken up by the fastest buffer. If several mobile buffers may be a mobile saturable buffer. In its presence, local are present, Ca 2ϩ diffusing further away from the channel [Ca 2ϩ ] will decay precipitously while equilibrium is reesis handed over-in analogy to a relay race-progrestablished following an action potential. This phase is sively to buffers that are slower and have higher affinity.
determined by kinetic properties of the buffer. SubseAn important aspect of the approximations, discussed quently, further decay will be described by the rapid here, is that they allow us to estimate the degree of buffer approximation, i.e., the time course will be deterbuffer saturation for a given Ca 2ϩ flux, and even more mined by diffusion coefficients and equilibrium buffer important is the finding that for reasonable numbers properties. This distinction provides ample freedom for accommodating the kinetic problems mentioned above. regarding concentration of buffers (endogenous or added)
At the same time the concept of the nonequilibrium and their diffusion coefficients, fluxes of the magnitude domain provides good reason for "supraadditivity" of provided by single channels will lead to only small deresidual and stimulus-induced Ca 2ϩ . Free buffer concengrees of buffer saturation right at the channel mouth tration [B] is given, according to the law of mass action, . This, in turn, justifies the by applicability of the approximation. ]b is in the whole microdomain (Smith, 1996) , since gradients the range of K B or slightly above, and if the buffer under in free buffer concentration are shallow at the edges of consideration is important for shaping the nonequilibthese large domains.
rium domain, the quantity in Equation 1 will be inNonequilibrium Domains and Short Term Plasticity creased at higher [Ca 2ϩ ] b . Given the exponential depenThe classical explanation for paired pulse facilitation is dence of ⌬[Ca 2ϩ ] on and a fourth power relationship based on "residual calcium" (Katz, 1969 resents the hallmark of a local Ca 2ϩ effect, was interpreAharon, S., Bercovier, M., and Parnas, H. (1996) . Parallel computated by Deisseroth and Tsien (1998) by Deisseroth and Tsien (1998) can be considered a Alvarez de Toledo, G., Fernandez-Chacon, R., and Fernandez, J.M.
prototype for reactions in which local and short-lived (1993) . Release of secretory products during transient vesicle fusion.
signal are transcribed into long-lasting global signals.
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It also can be viewed as an ingenious trick by nature to Angleson, J.K., and Betz, W.J. (1997) . 
